A 36 kDa extracellular metalloprotease (designated to as vEP-MO6) was purified and characterized from Vibrio vulnificus sp. strain MO6 24/0. vEP-MO6 cleaved azocasein and a few other proteins such as prothrombin, plasminogen, fibrinogen and Factor Xa, which are associated with the blood coagulation pathway. The enzyme activity of vEP-MO6 was inhibited by EDTA, which was reversed by the addition of excess divalent cations. vEP-MO6 showed little or no activity toward various chromogenic substrates that are specific for other proteases. The cleavage of prothrombin by vEP-MO6 produced active thrombin, as revealed by an activity assay with thrombin-specific chromogenic substrate and Western blot analysis with anti-thrombin antibody. The enzyme also actively hydrolyzed fibrin polymer as well as the cross-linked fibrin. These results suggest that vEP-MO6 is a prothrombin-activating and cross-linked fibrin-degrading enzyme belonging to the metalloprotease family.
Introduction
Various human pathogenic as well as nonpathogenic bacteria secrete metalloproteases (1) . Vibrio vulnificus (V. vulnificus) is an opportunistic human pathogen that causes fatal septicemia characterized by the formation of edematous skin lesions on limbs (2) (3) (4) (5) (6) . This pathogen secretes a zinc metalloprotease that belongs to the thermolysin family (7) (8) (9) . The V. vulnificus protease has been reported to have many biological functions: proteolytic degradation of a wide variety of host proteins, such as plasma proteins that are involved in coagulation or complement action; induction of hemorrhagic tissue damage; and enhancement of vascular permeability through the generation of inflammatory mediators (7) (8) (9) .
Fibrinogen and fibrin play essential roles in blood coagulation, cellular and matrix interactions, inflammation, wound healing, and neoplasia (10) . During blood coagulation, the soluble fibrinogen is converted to insoluble fibrin, and this process is initiated by thrombin, a serine protease, which catalyzes the proteolytic removal of fibrinopeptides A and B. Fibrinolysis is a physiological process whereby fibrin clots in blood vessels are converted to soluble products. Fibrinolytic enzymes have been purified and characterized from the vampire bat (11) , snake venoms (12) (13) (14) , microorganisms (15, 16) , hematophagus and non-hematophagus insects (17) (18) (19) (20) , leeches (21) and earthworms (22, 23) , marking a new era in the early treatment of heart attack. Their major functions have been described as plasminogen activators or plasmin-like proteases. During fibrinolysis, the fibrin polymer is converted into soluble products by the action of plasmin, which is generated from plasminogen by the proteolytic activity of urokinase-type (uPA) or tissue-type (tPA) plasminogen activators (24, 25) .
The conversion of prothrombin to thrombin is a key step in the pathway of blood coagulation (26, 27) . In vivo prothrombin activation is catalyzed by the prothrombinase complex composed of Factor Xa, Factor Va, phospholipids, and calcium ions by the sequential cleavage of two peptide bonds in the prothrombin molecule (28) . However, exogenous proteins identified from snake venom (27, 29) and bacteria (30, 31) have also been found to activate prothrombin in vitro. These proteins are classified into three groups based on their biochemical properties and cofactor requirements for prothrombin activation (32) .
Recently we described a broad specificity extracellular metalloprotease protease from V. vulnificus sp. strain ATCC 29307 with prothrombin activation and fibrinolytic activities (33) . In this study, we extended the investigation to another 36-kDa protease from V. vulnificus, sp. strain MO6 24/0.
Materials and methods
Materials and chromogenic substrates. Vibrio vulnificus sp. strain MO6 24/0 (V. vulnificus MO6) was a gift from Professor J. H. Lee (Chonnam National University School of Medicine, Gwangju, Korea). HiPrep 16/10 Q FF column, Superdex 75 10/300 GL size exclusion column and PD-10 desalting workmate were purchased from Amersham Biosciences (Uppsala, Sweden). Human prothrombin, thrombin and antithrombin III were from Calbiochem. Human plasminogen, plasmin and Factor Xa were obtained from Roche Applied Science (Indianapolis, MN, USA). Polyvinylidene fluoride (PVDF) membrane was obtained from Bio-Rad (CA, USA). Human fibrinogen and all other chemicals used were from Sigma (USA). The synthetic chromogenic substrate Boc-Val-Pro-Arg-pNA was a kind gift from Professor T. Morita (Meiji Pharmaceutical University, Tokyo, Japan). Other chromogenic substrates obtained from Chromogenix (Milano, Italy) were as follows: lle-Glu-(-OR)-Gly-Arg-pNA (S-2222), H-D-Phe-Pip-Arg-pNA (S-2238), H-D-Val-Leu-Lys-pNA (S-2251), H-D-lle-Pro-Arg-pNA (S-2288), Glu-Gly-Arg-pNA (S-2444), MeO-Suc-Arg-ProTyr-pNA (S-2586), and Z-D-Arg-Gly-Arg-pNA (S-2756).
Bacterial cell cultivation and protease purification. V. vulnificus MO6 cells were routinely cultured in LB broth with 0.5% NaCl as described previously (33) . vEP-MO6 was purified from the culture supernatant by employing three purification steps consisting of ammonium sulfate precipitation, anion-exchange chromatography with HiPrep 16/10 Q FF column followed by size-exclusion chromatography with Superdex 75 100/300 GL column as described previously (33) . Protein concentrations were determined with Bradford reagent (Sigma) according to the manufacturer's instructions using BSA as a standard.
Protease activity assay. Protease activity was routinely measured with azocasein as a substrate at 37˚C and pH 7.5 as described previously (33) . To study the effect of divalent cations or inhibitors on vEP-MO6 activity, the enzyme was assayed with azocasein in the presence of 1 mM cation or inhibitor. The amidolytic activity of vEP-MO6 was assayed with various synthetic chromogenic substrates, in which 80 μl of 50 mM Tris-HCl buffer (pH 7.5) containing 0.9% NaCl and 0.1 mg/ml BSA were mixed with 10 μl of purified enzyme (typically 1 μg) and the mixture was incubated at 37˚C for 10 min. The reaction was initiated by adding 10 μl of 4 mM chromogenic substrate, and the absorbance at 405 nm was measured at intervals of 0, 5, 10, 30, 60, and 120 min.
SDS-PAGE and Western blotting. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out as described by Laemmli (34) . Samples were completely denatured in SDS-PAGE sample buffer by heating at 100˚C for 2 min and then electrophoresed in 12% polyacrylamide gel. Proteins were visualized by staining with Coomassie blue. Western blot analysis was performed as described previously (33) .
N-terminal sequencing of protease. Protein samples were subjected to electrophoresis on 12% SDS-polyacrylamide gels. After electrophoresis, proteins were transferred to a PVDF membrane in 10 mM 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) buffer (pH 11.0) containing 10% methanol. The blot was stained with Coomassie blue followed by destaining. Target bands were excised from the blot and were subjected to N-terminal sequence analysis using an Applied Biosystems Precise sequencer (Applied Biosystems).
Prothrombin activation and fibrinolytic activity. Prothrombin activation by vEP-MO6 and detection of fibrinolytic activity were performed as described previously (33) . In brief, 80 μg Table I . Purification summary of the protease from Vibrio vulnificus sp. strain MO6 24/0. 
One unit (U) was defined as the amount of the protease digesting 1 μg of azocasein in 1 min.
b Total activity in the culture supernatant was assigned the value of 100%.
- of prothrombin and 1 μg of vEP-MO6 were incubated in a 200 μl reaction volume at room temperature, and 25 μl aliquots were withdrawn at different time intervals and the reactions were stopped by the addition of 1 μl of 25 mM NiCl 2 . Thrombin activity was measured with Boc-Val-Pro-ArgpNA as a substrate. Fibrinolytic activity was measured using a fibrin plate as well as measuring the formation of fibrin polymer detected as an increase in turbidity at 350 nm as described previously (33) . For the detection of vEP-MO6-catalyzed cleavage of cross-linked fibrin, the polymerization of fibrin was induced by thrombin in the presence of Factor XIIIa and Ca 2+ and then digested with vEP-MO6 followed by SDS-PAGE.
Results
Purification of extracellular protease. An active extracellular protease designated as vEP-MO6 was purified from the culture supernatant of V. vulnificus sp. strain MO6 24/0 cells by using three purification steps consisting of ammonium sulfate precipitation, anion exchange chromatography and size-exclusion chromatography in order as described in Materials and methods. The purification results are summarized in Table I . 2 l of culture supernatant, ~0.3 mg of the purified enzyme was obtained with a specific activity of 31,300 U/mg, which was more than three times higher than that of the vEP enzyme from V. vulnificus sp. strain ATCC 29307 (33) . This represents a 2.45-fold increase over the specific activity of the culture supernatant. The purified enzyme appeared to be homogeneous, as it migrated as a single band with an estimated molecular mass of ~36 kDa (Fig. 1) . The purity and size of the enzyme were also confirmed by size-exclusion chromatography with Superdex 75 100/300 GL column (data not shown). These results suggest that the purified enzyme is composed of a single polypeptide. The first 20 amino acids of vEP-MO6 were determined to be AQADGTGPGGNSKTGRYEFG which have a sequence homology ranging from 55-100% with those of other Vibrio proteases (Table II) .
Proteolytic activity of vEP-MO6.
For all characterization of the purified enzyme, azocasein was used as a substrate. vEP-MO6 had optimum activity around pH 8.0 and a temperature ranging from 30-50˚C. The enzyme activity was reduced to 40% by heating at 60˚C for 30 min (data not shown). Most metalloproteases isolated from different Vibrio species also showed decreased activities at temperatures above 50˚C (36) (37) (38) . The K m for azocasein was determined to be 0.41±0.03 mg/ml, which is similar to the values obtained for the enzymes from V. vulnificus strains ATCC 29307 (33) and L-180 (35) . In addition to azocasein, vEP-M06 also cleaved a number of other substrates (Fig. 2) , all of which are plasma proteins. Among these, the extent of cleavage was significant for fibrinogen, prothrombin and Factor Xa, all of which are associated with the blood coagulation pathway (Fig. 2) . BSA and γ-globulin, which are not associated with the blood coagulation pathway were only slightly cleaved (BSA) or not cleaved (γ-globulin) by vEP-MO6 (Fig. 2) . These results suggest that vEP-MO6 has a preference toward blood coagulation-associated proteins, therefore making it a potential risk to the normal homeostasis of blood coagulation. In addition to these protein substrates, the substrate specificity of the enzyme was also examined with various synthetic peptide substrates. Like the vEP enzyme (33), vEP-MO6 also exhibited little or no detectable activity toward the synthetic peptides including S-2222, S-2238, S-2251, S-2288, S-2444, S-2586, and S-2756 after an incubation time of 30 min at 37˚C. Table II . Comparison of N-terminal sequence of vEP-MO6 with those of other related proteins.
Amino acid sequence a Position of residues % Identity -----------------------------------------------------------------------------------------------------Figure 2 . Cleavage of various protein substrates by vEP-MO6 protease. Ten μg of each protein substrate was digested with 0.2 μg of vEP-MO6 at room temperature for 20 min and then subjected to SDS-PAGE using 12% gel. The symbols + and -indicate the addition or omission of vEP-MO6 in the sample, respectively. M, protein molecular weight size markers; BSA, bovine serum albumin; Fg, fibrinogen; PT, prothrombin; FXa, Factor Xa; and Plg, plasminogen.
Effects of various protease inhibitors, metal ions and chelating agents.
Inhibition studies primarily give insight into the nature of an enzyme, its cofactor requirements, and the nature of the active center (39) . To confirm that vEP-MO6 belongs to the metalloprotease family, the enzyme activity was assayed in the presence of metal chelators such as EDTA and 1,10-phenanthroline or various protease inhibitors. As shown in Table III , the enzyme activity was only significantly inhibited by EDTA and 1,10-phenanthroline with the latter resulting in total inhibition. Other protease inhibitors that inhibit serine or cysteine proteases appeared to have no significant effect. vEP-MO6 is therefore a metalloprotease, like extracellular proteases from other V. vulnificus strains or Vibrio species. To note, DTT also caused significant inhibition of vEP-MO6 activity, suggesting that the presence of disulfide bonds within the protein may be necessary for maintaining full enzyme activity. The effect of divalent metal ions on vEP-MO6 activity was also studied. Inclusion of 1 mM Ca 2+ , Mg 2+ or Mn 2+ appeared to have no significant effects, whereas inclusion of 1 mM Cu 2+ or Ni 2+ was highly inhibitory (Table III) . To ascertain which metal ion could reverse the inhibitory effect of EDTA-inactivated vEP-MO6, the enzyme was first pre-incubated with 1 mM EDTA for 15 min at 37˚C, followed by incubation with excess metal ions (5 mM) for another 15 min before addition of azocasein and a further incubation of 20 min at the same temperature. Ca 2+ , Mg 2+ and Mn 2+ were observed to reverse the inhibitory effect of EDTA (Table IV) . Cu 2+ and Ni 2+ , which are inhibitory to the activity of vEP-MO6 failed to reverse the activity of the enzyme. The lack of reversion of enzyme activity by Zn 2+ was due to excess concentration of the metal ion, which becomes inhibitory for a Zn-dependent protease (40) .
Prothrombin activation by vEP-MO6.
Prothrombin was a very efficient substrate for vEP-MO6 with almost complete cleavage occurring at room temperature within 20 min of incubation (Fig. 3) . To detect thrombin activity, prothrombin was cleaved with lesser amount of vEP-MO6, and aliquots of the reaction mixture were taken at different time intervals for activity assay with thrombin-specific chromogenic substrate, Boc-Val-Pro-Arg-pNA. The activity toward Boc-Val-Pro-ArgpNA increased with time with maximum activity obtained at 20 min, and then started to drop beyond that time point (Fig. 3A) . To test whether the product of prothrombin- Table III . Effects of protease inhibitors and metal ions on vEP-MO6 activity. 
-------------------------------------------------Additive a Activity (%) b -------------------------------------------------

-------------------------------------------------
a The final concentration for each additive is 1 mM except for aprotinin, which is 0.5 mM.
b Protease activity was assayed with azocasein as a substrate with or without the corresponding additive at 37˚C for 15 min. Table IV . Reversion of EDTA-treated vEP-MO6 enzyme by various divalent cations. 
------------------------------------------------- Additive a Relative activity (%) b -------------------------------------------------
a vEP-MO6 was pre-incubated with 1 mM EDTA at 37˚C for 15 min followed by the addition of excess cation (5 mM) and a further 15-min incubation.
b Relative protease activity was assayed with 0.25% azocasein as substrate at 37˚C for 20 min. activation by vEP-MO6 also catalyzes the formation of fibrin polymer, the vEP-MO6-activated prothrombin was reacted with fibrinogen and the increase in turbidity was measured at 350 nm (Fig. 3) . There was a clear increase in turbidity only when fibrinogen was incubated with vEP-MO6-activated prothrombin (Fig. 3B) . Production of a functional thrombin from prothrombin by vEP-MO6 was further confirmed by Western blot analysis and an inhibitor study using antithrombin III. Western blot analysis with antibody raised against thrombin detected various major bands that were not seen with uncleaved prothrombin (Fig. 4A) . One of these bands corresponded to the band of thrombin control, indicated by an arrow in Fig. 4A . In addition, the activity of vEP-MO6-activated prothrombin was clearly inhibited by antithrombin III in a dose-dependent manner (Fig. 4B) . The activation of prothrombin by vEP-MO6 was Ca 2+ -independent, as in the case of other bacterial proteases that are capable of activating prothrombin.
Fibrinolytic activity of vEP-MO6. vEP-MO6 cleaved all three chains of fibrinogen, unlike most other proteases that are known to cleave fibrinogen, including the enzyme from a related Vibrio strain L-180 (35) that cleaved either one of two fibrinogen chains but not all three. The fibrinolytic activity of vEP-MO6 protease was confirmed by its ability to degrade fibrin polymer, which was measured as a decrease in turbidity of the polymer at 350 nm (Fig. 5A) as well as the formation of a cleared zone on a fibrin plate (Fig. 5B) . The results from the fibrin plate showed that vEP-M06 is a less efficient enzyme than plasmin in degrading fibrin. However, vEP-MO6 also cleaved the cross-linked fibrins formed by Factor XIIIa in the presence of Ca 2+ (Fig. 6 ). Both the ·-· and γ-γ chains of the fibrins were susceptible to cleavage by vEP-MO6.
Discussion
This study describes the purification and characterization of an active extracellular metalloprotease named vEP-MO6 from V. vulnificus sp. strain MO6 24/0. The following results support the fact that vEP-MO6 is a metalloprotease: i) serine or cysteine protease inhibitors including DFP, PMSF, TLCK, TPCK, bestatin, and aprotinin have no significant effect on the enzyme activity; ii) metal chelators such as EDTA and EGTA (data not shown) inactivate the enzyme activity; and iii) metalloprotease-specific inhibitors such as 1,10-phenanthroline totally inactivate the enzyme activity.
In general, vEP-MO6 exhibits broad specificity toward various protein substrates. However, it has a preference toward cleaving blood coagulation-associated proteins (Fig. 2) , therefore making it a potential risk factor to the normal homeostasis of blood coagulation. The broad specificity of vEP-MO6 toward protein substrates is clearly not reflected in its activity toward peptide substrates in that the enzyme shows little or no detectable activity with various tested synthetic peptides, which are specific chromogenic substrates for other proteases. For example, vEP-MO6 can activate prothrombin but does not cleave S-2222, both of which are substrates for factor Xa. Plasminogen and S-2444 are substrates for urokinase, but vEP exhibits little activity toward S-2444, although it can readily cleave plasminogen. Although we did not obtain the cleavage site for the proteins that were readily cleaved by vEP-MO6, the cleavage sites for prothrombin and plasminogen recognized by vEP-MO6 appear to bear little consensus. Therefore the surrounding sequence and/or the conformation of the local region of a protein may be important factors for the binding of vEP-MO6 to the substrate and subsequent cleavage.
One of the notable properties of vEP-MO6 protease is its possible involvement in the blood coagulation cascade. vEP-MO6 activates prothrombin to produce an active thrombin in the course of proteolysis (Fig. 3) , leading to the cleavage of fibrinogen followed by formation of fibrin polymer (Fig. 3B) , including cross-linked fibrins formed in the presence of FXIII and Ca 2+ . Evidence that a functional thrombin is produced from prothrombin catalyzed by vEP-MO6 is seen from the activity assay with thrombin-specific chromogenic substrate (Fig. 3A) , the turbidity assay with fibrinogen (Fig. 3B) , the Western blotting with anti-thrombin antibody (Fig. 4A) and conclusively from the inhibition of thrombin activity from prothrombin activation by vEP-MO6 with antithrombin III (Fig. 4B) . The activated prothrombin by vEP-MO6 shows strong amidolytic activity toward the thrombin-specific peptide substrate Boc-Val-Pro-Arg-pNA (Fig. 3A) like ·-thrombin (29) and also increases the turbidity of fibrinogen solution, which is the result of the formation of fibrin polymer, in which the fibrin is produced from fibrinogen cleavage by thrombin activated from prothrombin by vEP-MO6 (Fig. 3B ). Western blotting with anti-thrombin antibody reconfirms that thrombin is actually produced from prothrombin cleavage by vEP-MO6. As shown on the Western blot (Fig. 4A) , vEP-MO6 cleaves prothrombin to make several fragments including thrombin. However, the presence of the thrombin band disappeared after a longer incubation, together with other protein bands. This seems to be closely related to the broad specificity of vEP-MO6 and also explains that the decrease in thrombin activity with time may be due to further degradation of thrombin by the enzyme after its generation from prothrombin. Therefore, the activation of prothrombin by vEP is proteolysisdependent and transient. In contrast, certain microbial prothrombin-activating enzymes such as staphylocoagulase from Staphylococcus aureus are involved in blood coagulation by conformational activation of prothrombin without proteolysis and loss of thrombin activity (41) . Another notable property of vEP-MO6 in the activation of prothrombin is its Ca 2+ -independent manner like vEP protease (33) and a metalloprotease from Aeromonas hydrophila (42) , whereas the prothrombin activation by endogenous human FXa and carinactivase protease from snake venom (29) required Ca 2+ . Fibrinolytic enzymes have been purified and characterized from many sources (15) (16) (17) 21, 23) . The fibrinolytic activity of vEP-MO6 (Fig. 5) is different from those reported for other fibrinolytic enzymes because it is capable of digesting all three major chains (·, ß, and γ) of fibrinogen as well as ·-· and γ-γ fibrin chains of cross-linked fibrin (Fig. 6) . The same protease from V. vulnificus L-180 only cleaved the A·-chain of fibrinogen (35) . Both the A·-and Bß-chains are cleaved by plasmin, whereas the γ-chain is resistant to both proteases. Certain fibrinolytic enzymes isolated from other sources also exhibit some degree of specificity with respect to the cleavage of fibrinogen as shown in the case of shrimp protease which cleaved the ß-or the γ-chain only (43) .
In conclusion, vEP-MO6 is a protease that has very similar properties to the vEP protease from V. vulnificus sp. strain ATCC 29307 in terms of substrate specificity, prothrombin activation and fibrinolytic activity. The possible interference of this enzyme in the blood coagulation pathway is manifested through the enzyme's ability to activate prothrombin and cleave fibrinogen and fibrin. We have previously postulated a possible role for this protease during infection, whereby the prothrombin activation activity could lead to a rapid build-up of fibrin mess that can serve to protect the bacteria from the host defense machinery, with subsequent release of an increasing number of bacteria from the fibrin mess attained through the enzyme's ability to cleave fibrin and fibrinogen (33) . Due to the very similar properties between vEP-MO6 and vEP proteases, such a postulation would apply to both strains of V. vulnificus. Figure 6 . SDS-PAGE of the cleavage of ·-and ß-chain cross-links of fibrin by vEP-MO6. Polymerization of fibrinogen (0.75 mg/ml) was initiated with the addition of thrombin (1.5 U/ml), Factor XIIIa (0.15 U/ml) and 1 mM CaCl 2 followed by incubation at room temperature for 1 h. The cross-linked fibrin was digested with vEP-MO6 (10 μg/ml) at room temperature for 30 min followed by SDS-PAGE using 8% gel. Lane M, protein size markers; 1, fibrinogen only; 2, thrombin plus FXIIIa; and 3, thrombin, FXIIIa plus vEP-MO6.
